Effects of thermal annealing on the structure of polycrystalline Pb(Zr 0.3 Ti 0.7 )O 3 (PZT) ferroelectric thin films prepared by chemical solution deposition (CSD) on Pt/TiO x electrode stacks were studied using scanning electron microscopy (SEM), transmission electron microscopy (TEM) and grazing incidence X-ray specular and diffuse reflectivity of synchrotron radiation. The stratified multilayered structure and element diffusions in the sample were characterized by TEM. Global statistical structural parameters including the density, surface or interface roughness and thickness of each layer in the samples were obtained from fitting the Xray specular reflectivity using a homogeneous stratified multilayer model of PZT/Pt/TiO x /SiO 2 .
Introduction
Owing to their promising applications in non-volatile random access memories and micro-electromechanical systems, ferroelectric thin films have received much attention. These ferroelectric devices typically have a sandwiched nano-multilayered structure, i.e. top electrode / ferroelectric film / bottom electrode with the thickness of each layer on the nanometer scale. The two-dimensional films are deposited on a substrate, which is generally a Si wafer. Because of the complex structure, the electrical properties of such nano-multilayered devices are not only very sensitive to the properties of each individual layer but depend also on the interfacial transitions, both being strongly influenced by the fabrication process [1, 2] . Thus comprehensive structural characterizations of the ceramic thin films including buried interfaces are of crucial importance for a better understanding of the relationship between the structural and electrical properties of miniaturized ferroelectric devices.
Various advanced analytical techniques have been adopted to characterize the structural properties of ferroelectric thin films, such as scanning probe microscopy (SPM) for domain switching studies using various force interactions [3] , and high-resolution transmission electron microscopy (HRTEM) for structural investigations of the surface or buried interfaces [4] .
Recently, the potential of synchrotron radiation has been more extensively exploited for the structural studies of the ferroelectric and dielectric thin film devices. For example, S. Kimura et al studied the fatigue mechanism of polycrystalline Pb(Zr x Ti 1-x )O 3 films with asymmetric metal electrodes by using X-ray diffraction, from which they observed a broadening of the (00 l ) plane spacing with the polarization fatigue [5] . S.J. van Reeuwijk et al reported their X-ray diffraction studies on the domain switching from ( hkl ) to ( l hk ) of BaTiO 3 thin films on Nb doped SrTiO 3 substrate [6] . Pb(Zr x Ti 1-x )O 3 (PZT) thin films are considered as a model system because of their high remanent polarization, relatively low fabrication temperature and adjustable composition. Scanning electron microscopy (SEM) is used for the surface morphology observation, whereas transmission electron microscopy (TEM) is employed for the cross-sectional observation and element mapping. Particular emphasis is given to specular and non-specular X-ray reflectivity (XRR), which are standard tools for the non-destructive structural analysis of crystalline and amorphous multilayers in many areas of research, but which seem to have received little attention in the ferroelectrics community so far. Specifically, we demonstrate the ability of XRR to monitor even minute density changes, in addition to providing information on the film thickness and root mean square (rms) interface roughness. The use of highly intense and strongly collimated synchrotron radiation also allowed us to access electrode layers buried deeply beneath a relatively thick PZT film. and subsequently crystallized at 700°C in oxygen for 5min. Then the PZT film was prepared using a chemical solution deposition by spin-coating method [7] . After each layer of the PZT film was spin-coated, the sample was dried in air at 200°C for 2min and pyrolyzed at 400°C for 2min.
Experimental

Sample preparation
After the deposition of each three layers, the sample was crystallized at 700°C in oxygen for 10min. It is compulsory to repeat this procedure in order to relax the stress during the fabrication until the PZT films have reached their intended thickness. In this study the PZT films were formed by the deposition of three layers. Then two long narrow samples of 25.4mm×5mm were cut out from the center of the Si wafer. One was designated as unannealed while the other one that received an additional annealing at 700°C for 5min was designated as annealed.
Analytical techniques
SEM was used for surface morphology observation using a Zeiss Gemini DSM 982 microscope operated at 4kV. An annealed PZT thin film sample on another Si substrate was used for TEM analyses using a Philips TECNAI FEI 20 microscope with an energy filter (Gatan GIF used for the measurements at low angles while a NaI detector was used for the higher angle measurements. The measured specular intensities were corrected for the extrinsic background (dark currents etc.) as well as for the intrinsic background (diffuse scattering in specular direction), which was determined by two offset scans adjacent to the specular path in reciprocal space. Finally, the specular reflectivities obtained in this way were corrected for illumination at low angles, where the footprint of the beam exceeded the sample size. The experimental data were fitted by slab calculations based on the Parratt algorithm [8] .
It should be mentioned that X-ray specular reflectivity can be understood as classical
Fresnel reflectivity, provided the proper index of refraction for X-rays is used. Therefore, the specular X-ray reflectivity is sensitive to the electron density profile normal to the sample surface, and insensitive to whether the layers are amorphous, crystalline or even liquid since no diffraction is involved. The structural parameters of each layer including the thickness, interfacial roughness and density can thus be derived. It should be noted that these parameters correspond to the sample properties associated with the growth direction; these are consequently probed by a momentum transfer perpendicular to the sample surface. By contrast, in the diffuse reflectivity the momentum transfer has a component parallel to the sample surface, allowing the access to the height-height correlation function of rough interfaces. The dark field (DF) TEM cross-sectional image in Fig. 2(a) shows clearly the multilayered structure and the interface quality in the PZT thin film sample. From top to bottom the layers are the PZT, Pt, TiO x , SiO 2 and Si substrate, respectively. Fig. 2(b) shows the element mappings in the cross-sectional profile of the multilayered structure measured using scanning transmission electron microscopy (STEM). From top to bottom the images are the HAADF cross-sectional image of the observed area, the corresponding Pb, Zr, Ti, O and Pt mapping, respectively. Pb, Zr, Ti and O can all be found in the Pt electrode, which reveal the element diffusions during the fabrication process of the sample. By contrast, the diffusion of Pt is not observable.
Results
Surface and interface analyses using SEM and TEM
X-ray specular reflectivity
X-ray specular reflectivity curves of the unannealed and annealed PZT thin film samples are plotted on a logarithmic scale in Fig. 3 The two experimental reflectivity curves are fitted using the program PCTRF, as shown in Fig. 3(a) and (b) (solid lines), respectively [9] . Because the momentum transfer occurs normal to the sample surface and the reflectivity becomes sensitive to the vertical average electron density profile, only the structural information is relevant including the thickness, density of each layer, as well as the surface and interface roughness between two adjacent layers. The roughness obtained here is a root-mean square (rms) roughness characterizing the perpendicular electron density fluctuations of a surface or interface, assuming that the fluctuations meet a Gaussian distribution according to the model of Névot and Croce. For the fits, a reasonably simple structural model is assumed in order to minimize the number of free parameters. The multilayer is described as a stack of homogeneous PZT/Pt/TiO x layers on a semi-infinite SiO 2 substrate, owing to the large thickness of the SiO 2 layer. Previously we have determined that the TiO x composition is slightly deviated from stoichiometric TiO 2 [10] . Here Ti 8 O 15 is used for the fits for approximation. From the fits, PZT densities of 7.97 and 8.01g/cm 3 for the unannealed and annealed samples are derived which correspond respectively to 99.3% and 99.8% of the theoretical density of 8.03g/cm 3 calculated using the lattice parameters of bulk ceramics reported earlier [11] . The PZT/Pt interfacial roughness does not appear to increase. The density of the Pt bottom electrode decreases from 20.6g/cm 3 to 20.3g/cm 3 , in agreement with the Pt layer expansion of 2.5%. The structural characteristics of the two series of PZT thin films are summarized in Table 1 , in which the error margins are also given. Here it should be noted that 
X-ray diffuse reflectivity
Detector scans with the unannealed and annealed samples were measured in order to verify the critical-angle shift of the PZT and Pt layers upon annealing. In this geometry, there will be peaks in the diffuse reflectivity known as Yoneda scatterings or anomalous reflections when the exit angle equals the critical angles where the electric field is at its maximum value [12] [13] [14] . Fig. 4 displays the detector scans of the two samples in which the incidence angle was kept at 0.6000º while the detector was rotated. In each curve, the first two peaks are Yoneda peaks whose positions correspond to the critical angles of the PZT ceramic and Pt, respectively, while the third peak corresponds to the specular reflection. Accordingly, the critical angles of PZT and Pt before and after the annealing are determined to be 0.2207±0.0034º and 0.3967±0.0011º, 0.2284±0.0036º and 0.3929±0.0009º. The density changes of Pt and PZT upon annealing observed from specular reflectivity are confirmed by the corresponding Yoneda peak shifts in the diffuse reflectivity. Additionally, the intensity oscillations observed in specular reflectivity are absent here, especially at lower angles, indicating that a correlation of interface roughness among the constituent layers in the growth direction was not established during the film growth.
Discussion
In the present study, a combination of analytical techniques including SEM, TEM and Xray reflectivity of synchrotron radiation were employed to investigate the effects of thermal annealing on the structure of the PZT thin films on Pt/TiO x electrode stacks. Through STEM element mapping analysis the diffusions of elements including Pb, Zr, Ti and O into the Pt layer were observed. The element diffusions can be attributed to the high temperature treatments during the fabrication processing of the samples. Using X-ray reflectivity, global statistical information including the thickness, density, surface and interface roughness of each constituent layer in the samples were obtained from the fits using a structure model of PZT/Pt/TiO x /SiO 2 .
The roughness of PZT ceramic surface, PZT/Pt interface and Pt/TiO x interface were rather stable during annealing. The increase of the PZT density proves the further densification of the ceramic layer and indicates the improvement of its microstructure upon annealing. The densification of PZT will eliminate defects like pores and voids in the ceramic film and therefore improve the structural properties. Furthermore, it is interesting that the density and thickness of the Pt bottom electrode changed during annealing. The density decrease of Pt from 20.6g/cm 3 to 20.3 g/cm 3 can be ascribed to the incorporation of light elements such as Zr, Ti and O during the fabrication process according to the STEM analysis. In agreement with the Pt density decrease, the thickness of the Pt layer was found to increase upon annealing. It is reasonable to expect that the expansion of the Pt layer and the densification of PZT will occur during the high temperature treatment as an intrinsic aspect of the electrode stack in the current fabrication process.
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An important related issue is the effect of thermal annealing on the electrical properties of the PZT thin film as the observed structural changes indicate. High thermal stability of the ferroelectric devices during the fabrication process is required since the devices need to withstand a certain thermal budget. Although a higher densification of PZT ceramic film is obtained and the structural defects are reduced correspondingly, the effect of the thermal treatment on the electrical properties of PZT ferroelectric thin films needs to be examined carefully. Normally, for CSD-derived PZT on Si wafer, the stress in the ceramic films is tensile due to the thermal mismatch which is caused intrinsically by the lower thermal expansion coefficient of Si compared to those of PZT ceramics and Pt [15] . Because of the metal electrode expansion and the ceramic layer shrinkage, there will be an additional tensile stress component superimposed on the PZT ceramics owing to the clamping effects of the electrode layer. This stress component is caused by the structural changes during high temperature annealing.
The domain structure of ferroelectric ceramics depends to a great extent on the stress conditions prevailing when the Curie temperature is crossed, or even changes in the stress conditions at room temperature. Previously it was reported that the volume fraction of a-type domains increased when substrates with smaller thermal expansion coefficients were used for PZT deposition and the PZT films were placed under tensile stress [16] . M.B. Kleman et al reported the switching of elastic domains in PZT thin films in order to relax the external strain applied at room temperature [17] , which reveals the important role of the mechanical boundaries in determining the electrical properties of the ferroelectric devices. In the present study, the PZT/Pt interaction becomes complicated by the increase of the dissimilarity between the ceramic and electrode, as suggested by the results obtained. Thus, it is likely that the structure of the ceramic layer will be affected under the stress as well as the electrical properties of the resulting Text page   12 devices. Moreover, the effects of the thermal treatment may become more complicated when the PZT films are constructed layer by layer and subsequently each layer has a different annealing history, therefore a gradient structure in thicker PZT films can be expected.
Conclusions
In summary, as a model system PZT thin films on bilayer Pt/TiO x electrode stacks were derived by a chemical solution deposition, and were characterized by SEM and TEM as well.
Grazing incidence X-ray specular and diffuse reflectivity of synchrotron radiation was employed for the detailed structural investigation of ferroelectric thin film devices.
1. Through element mapping using STEM, the incorporations of Pb, Zr, Ti and O into the Pt electrode were observed which were attributed to the thermal diffusion during the fabrication process of the sample.
2. Statistical structural information of the nano-multilayered samples was derived from X-ray specular reflectivity which reveals a further densification of the PZT ceramics and an expansion of the Pt electrode in the polycrystalline PZT thin film sample during the annealing treatment. The PZT surface roughness and PZT/Pt interface roughness changed only slightly.
3. The Pt density decrease was attributed to the incorporation of the light elements into the Pt layer during annealing, while the PZT density increase is due to the further densification of the ceramic layer. shown in the inset of Fig. 3(b) . Fig. 4 Detector scans of the unannealed and annealed PZT thin film samples with an incidence angle of 0.6000º, from which the critical-angle shifts of PZT and Pt are confirmed. Table 1 Structural parameters of the unannealed and annealed samples obtained from best fits to the specular reflectivity curves. 
